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ABSTRACT

The influence of radiated aerodynamic noise (generated by
the tunnel wall turbulent boundary. layer) on model boundary-
layer transition in supersonic and hypersonic wind tunnels
was investigated. Boundary-layer transition measurements
were made at supersonic Mach numbers on sharp-leading-edge
hollow-cylinder models in the AEDC-VKF 12-in. Tunnel D, the
40-in. Tunnel A, and the AEDC-PWT 16-ft Supersonic Tunnel.
These data showed, conclusively, a significant and continuous
increase in transition Reynolds number with increasing tunnel
size. Results from a shroud configuration placed concentri-
cally around a hollow-cylinder transition model in‘the AEDC-
VKF Tunnel A demonstrated a significant change in the magnitude
and trend in transition Reynolds number with unit Reynolds
number, as compared to transition Reynolds numbers without the
shroud, when the boundary layer on the shroud inner wall
changed from a laminar to turbulent boundary layer. A flat-
plate model equipped with a microphone confirmed that a signi-
ficant increase in the root-mean-square (RMS) radiated pres-
sure fluctuations accompanied the decrease in the transition
Reynolds numbers between the AEDC-VKF 40-in. and 12-in. tun-
nels and the decrease in transition as the shroud inner wall
boundary layer changed from laminar to turbulent. From
transition data obtained in these investigations, previously
published data from the AEDC-VKF Tunnels A and D, and data
from six other wind tunnels, a correlation of transition
Reynolds numbers was developed. The correlation was based on
zero bluntness, flat-plate and hollow-cylinder transition
data which covered a Mach number range from 3 to 8 and unit
Reynolds number range from 0.05 x 109 to 1.1 x 106 per inch.
The correlation was found to be dependent only on the tunnel
wall, turbulent boundary-layer, aerodynamic noise parameters
(displacement thickness and skin friction) and the tunnel
test-section circumference.
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SECTION |
INTRODUCTION

The conditions which have an influence on transition
from laminar to turbulent flow are of considerable importance
because of the far-reaching influence boundary-layer flow has
on vehicle performance. Although the subject of boundary-
layer transition has received considerable attention during
the past fifteen years, there has been a renewal of interest
in the subject in the past several years because of its influ-
ence on various aspects of re-entry vehicle performance.

Extensive testing programs have been conducted in wind
tunnels and account for the bulk of the information on transi-
tion at supersonic, hypersonic, and hypervelocity speeds.
Aeroballistic ranges have also been used in transition studies,
and some flight tests have been conducted to provide transi-
tion data; however, they generally account for the smallest
percentage of the results.

There have been some successes in theoretically pre-
dicting boundary-layer instability; however, little progress
has been made toward theoretically predicting the location of
transition. Explanations of the behavior of transition results
obtained from wind-tunnel measurements, and predictions of the
transition location at supersonic and hypersonic speeds have
usually been attempted through the use of data correlations
with the assumption that the tunnel free-stream disturbances
are unimportant at high supersonic and hypersonic speeds.

Experience in subsonic tunnels showed that transition
results were critically dependent on the quality of flow and,
therefore, were different from one wind tunnel to another.
Similar disagreement was found in transition results measured
at low supersonic speeds in different wind tunnels and indi-
cated that studies were necessary to ascertain whether the
results were affected by tunnel disturbances. 1In the early
fifties, the NACA initiated comparative transition tests with
zero heat transfer on a 10-deg cone in many of its supersonic
facilities (Ref. 1). These tests, made under comparable con-
ditions in tunnels of various sizes, showed a wide range of
transition Reynolds numbers which decreased as the Mach
number was increased up to about four. The significant
scatter of the transition Reynolds number was believed to be
caused by free-stream disturbances of various degrees present
in the different wind tunnels.

Kovasznay (Ref. 2) found that the disturbances in wind-
tunnel flows may be of three types: (a) vorticity fluctuations
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(turbulence), (b) entropy fluctuations (temperature spotti-
ness), and (c) sound waves.

The vorticity and entropy fluctuations are essentially
convected along streamlines and are traceable to conditions
in the settling chamber. The sound disturbances can travel
across streamlines, and they may originate in the stilling
chamber and from the boundaries of the test section (Ref. 3).

The vorticity (turbulence) fluctuations were investi-
gated at Mach numbers from 1.7 to 4 by Laufer (Ref. 4) by
varying the turbulence level in the stilling chamber from
0.6 to 7 percent. In the low Mach number flow, M, < 2.5,
the stilling chamber turbulence level was found to have a
strong effect on the boundary-layer transition Reynolds
number; however, no significant effect was noted for M > 2.5.
Similar experiments were conducted at Mach 1.76 by Morkovin
(Ref. 5), and no measurable shift in transition resulted when
the settling chamber turbulence was raised from 0.7 to 4.6
percent.

Sources of the entropy fluctuations (temperature spotti-
ness) are traceable to the settling chamber and farther up-
stream. In the test section, the temperature fluctuations
are related isentropically to those in the stilling chamber.
Effective means such as the use of mixing sections and screens
in the supply passage are used to reduce the fluctuations to
small levels in supersonic tunnels where their influence on
transition is thought to be insignificant.

The third type of unsteady disturbances, the sound
fluctuations (Ref. 3) generated by the turbulent boundary
layer on the walls of the test section, remain as a possible
major factor affecting transition in supersonic and hyper-
sonic wind tunnels (M, > 2.5). Sound energy generated along
the walls is predominantly radiated in the general direction
of the free-stream Mach waves even though individual wave
fronts may be inclined at different angles if the sound
sources are moving with respect to the free-stream flow and
solid boundary (Refs. 3 and 6).

Laufer (Ref. 7) conducted a series of experiments at
Mach 1.5 to 5 and showed that the fluctuating field existing
in the wind tunnel was a sound field with an intensity which
increases rapidly as the Mach number is increased. Schlieren
photographs taken of a model in free flight revealed a sound
field emanating from the turbulent boundary layer. The
orientation of the sound field was found to be different from
the Mach-wave direction and corresponded to a sound-source
velocity of approximately one-half the free-stream velocity
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for Mach numbers 3 to 5. Laufer argued that th€é fluctuations
picked up by a hot wire in the free stream originated from
the boundary layers on the tunnel walls. To confirm this, he
shielded the hot wire from one of the walls by a flat plate,
and he noted that the mean-square voltage fluctuation across
the wire decreased by about 20 percent when the wire was be-
hind the plate.

Hot-wire experiments in the boundary layer of a Mach
1.76 nozzle (Ref. 3) disclosed the presence of a high inten-
sity, thin turbulent layer within the much thicker nozzle
wall boundary layer. Since turbulence in a low, supersonic
boundary layer is produced largely near the wall and then
diffused outward, the thin turbulent layer was interpreted
as being associated with the higher shear.

Vrebalovich, JPL, in commenting on Morkovin's paper on
free-stream disturbances (Ref. 8) indicated that hot-wire
measurements made in the test section of the JPL tunnels
showed that when the wall boundary-layer was turbulent the
free-stream mass flow fluctuations not only increased with
Mach number but were higher at the lower unit Reynolds number.
From experiments in the JPL 12-in. supersonic tunnel with
laminar, transitional, and fully turbulent boundary-layer
flow on the tunnel wall, the following results were obtained:
(a) free-stream pressure fluctuation levels were smallest
when the boundary-layer was laminar and (b) tripping the
boundary layer introduced less fluctuations in the free stream
than when transition from laminar to turbulent flow occurred
naturally between the nozzle throat and test section. These
experiments in which the only change was in the nature of the
tunnel wall boundary layer showed that a dominant source of
free-stream disturbances at the higher Mach numbers was the
aerodynamic sound radiated from the wall boundary layers.

Phillips (Ref. 9) proposed a theory to describe the
generation of sound by turbulence at high Mach numbers.
Laufer (Ref. 6), in commenting on Phillips' theory, noted
that it is based on the premise that the sound-generating
mechanism consists of a moving, spacially random, virtually
wavy wall formed by an eddy pattern that is convected super-
sonically with respect to the free-stream and is consistent
with the principal features of the sound field found in
experiments. Using this view, Laufer derived an expression
for the pressure fluctuation intensity which is shown to be
a function of the mean skin-friction coefficient, the wall
boundary-layer thickness, lengths which scale with the
boundary-layer thickness, convection speed, angle of the
radiated disturbance, and free-stream Mach number. This
theory was found to be in partial agreement with experimental
data at Mach numbers from 1.5 to 3.5 and considerably below
experimental data at Mach 5.
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Kistler and Chen (Ref. 10) reported on pressure fluctua-
tion measurements that were made with microphones in a flat
plate and in the tunnel sidewall at Mach numbers from 1.33 to
5.00. Laufer (Ref. 11) discussed the radiation field gener-
ated by a supersonic turbulent boundary layer at Mach numbers
from 1.5 to 5 and compared the hot-wire results with those
obtained by Kistler and Chen (Ref. 10) with microphones in
the wall of the tunnel. In each of these tests, the wall and
free-stream pressure fluctuations were found to scale with
the mean wall shear for all Mach numbers. In addition, it
was noted that the intensity of the radiated pressure fluctua-
tions was two orders of magnitude less than the pressure
fluctuations on the wall. In these experiments, Laufer also
showed that the intensity of the radiated pressure fluctua-
tions was proportional to the size of the test section. For
example, radiation from one wall was approximately equal to
one-fourth the radiation measured from four walls,

In 1952, AGARD established a series of calibration models
with somewhat the same general objective as the NACA had in
testing a 10-deg cone in several wind tunnels. One of the
calibration models was a high fineness ratio, parabolic body
(AGARD Calibration Model A) which had been tested extensively
by the NACA to compare ‘zero lift drag measurements made in
many different wind tunnels. Tests of the same model in the
Arnold Engineering Development Center, von Kdrmdn Facility
(AEDC-VKF) 12-in. and 40-in. supersonic tunnels (Gas Dynamic
Wind Tunnels, Supersonic (D) and (A)) revealed discrepancies
in base pressure and drag data that could be explained by
differences in transition Reynolds numbers in these tunnels
(Ref. 12). These tests were followed by tests of a hollow-
cylinder model to obtain transition locations for a range of
Mach numbers and unit Reynolds numbers. Schueler (Ref. 13)
showed from these tests that transition Reynolds numbers
obtained in the AEDC-VKF 40-in. supersonic tunnel are much
larger than those from the AEDC-VKF 12-in. supersonic tunnel
and discussed the possibility of differences in the aero-
dynamic noise generated in the tunnel boundary layers as
being responsible for the variations in transition Reynolds
numbers,

No work, either theoretical or experimental, has shown
the manner in which boundary-layer transition is affected by
aerodynamic noise; however, progress to date has considerably
enhanced the understanding of the factors which influence the
intensity of the radiation field generated by tunnel wall
boundary layers. The more important factors include Mach
number, the type boundary layer, boundary-layer thickness,
mean shear, and test-section size,.
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Using these factors as a guide, previously published
transition Reynolds numbers obtained at Mach numbers from 3
to 8 in eight facilities on two-dimensional models were cor-
related as a function of the tunnel wall turbulent boundary-
layer displacement thickness in the test section, the average
tunnel wall turbulent skin-friction coefficient, and the test-
section circumference. This research included an experimental
program designed to determine the effects of radiated aero-
dynamic noise on transition and to provide basic transition
Reynolds number data from the AEDC-VKF 12-in. Tunnel D, 40-
in. Tunnel A, and AEDC, Propulsion Wind Tunnel Facility (PWT)
16-ft supersonic tunnel (Propulsion Wind Tunnel, Supersonic
(16S)) to test the validity of the correlation proposed.

SECTION Il
EXPERIMENTAL CONDITIONS

2.1 WIND TUNNEL FACILITIES

New experimental data included in this report were
obtained in AEDC-VKF Tunnels A and D and in AEDC-PWT-16S.

2.1.1 AEDC-PWT 16-by 16-%t Supersonic Tunnel

Tunnel 16S is a closed-circuit, variable-density wind
tunnel with an automatically controlled, flexible plate-type
nozzle. Current test capabilities include a Mach number
range from 1.65 to 3.20 at stagnation pressures from approxi-
mately 0.7 to 11 psia. For these tests, the stagnation tem-
perature was held constant at approximately 200°F. The test
section is 16 ft square by 40 ft long, and the transition
model was located in the first 10 ft of the test section.
Additional information on the tunnel may be found in Ref. 14
and in Appendix I.

2.1.2 AEDC-YKF 40. by 40-in. Supersonic Tunnel A

Tunnel A is a continuous, closed-circuit, variable-
density wind tunnel with an automatically driven, flexible
plate-type nozzle and a 40- by 40-in. test section. The tun-
nel can be operated at Mach numbers from 1.5 to 6 at maximum
stagnation pressures from 29 to 200 psia, respectively, and
stagnation temperatures up to 300°F (M, = 6). Minimum op-
erating pressures range from about one-tenth to one-twentieth
of the maximum pressures. A description of the tunnel and
airflow calibration information may be found in Ref. 15.
Additional information on the Tunnel A geometry and tunnel
wall boundary-layer characteristics can be found in Appendix
 §
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2.1.3 AEDC-VKF 12. by 12.in. Supersonic Tunnel D

Tunnel D is an intermittent, variable density wind tun-
nel with a manually adjusted, flexible plate-type nozzle and
a 12- by 12-in. test section. The tunnel can be operated at
Mach numbers from 1.5 to 5 at stagnation pressures from about
5 to 60 psia and at average stagnation temperatures of about
700F, A description of the tunnel and airflow calibration
information may be found in Ref. 16. An illustration showing
the Tunnel D geometry is presented in Fig. IV-1, Appendix IV.

2.2 BASIC TRANSITION MODELS AND APPARATUS

2.2,1 AEDC.PWT

Figure 1 shows the transition model installed in the
test section of the AEDC-PWI-16S tunnel. The model was a
12-in.-diam by 115-in.-long, steel hollow cylinder having an
external surface finish of 15 microinches (pin.). The
location of transition was determined from pressure data
obtained from four equally spaced, external surface pitot
probes (0.016- by 0.032-in. tip geometry).

Three interchangeable, leading-edge, nose sections with
an internal bevel angle of 6.5 deg and average leading-edge
bluntness (b) of 0.0015, 0.0050, and 0.0090 in, were tested.
The maximum bluntness deviation around the leading edge was
approximately * 0.0005 in.

A sliding collar arrangement which was separated from
the model surface by eight Teflo1® inserts supported the four
pitot probes and housed four differential pressure trans-
ducers. An actuating apparatus consisting of a coil spring
and a hydraulic cylinder for compressing the spring provided
the means for automatically positioning the pitot probes
along the surface. Probe pressure data were recorded at
small intervals of probe travel at discrete model axial
locations.

Profiles of the boundary layer on the tunnel straight
wall and flexible plate at the model location were measured
with two l1l4-probe rakes to determine the characteristics of
the wall turbulent boundary layer.

Details of the model and the experimental boundary-layer
characteristics obtained on the tunnel walls can be found in
Figs. I-2 and I-3, respectively, in Appendix I.
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2.2.2 AEDC-VKF

A 3.0-in.-diam by 32-in.-long hollow cylinder having a
surface finish of 15 jin. was the transition model used in
the. AEDC-VKF Tunnels A and D. This is the same model used
in the previous investigations of Potter and Whitfield (Ref.
17) and Schueler (Ref. 13). Interchangeable nose sections
having leading-edge, internal bevel angles of 6 and 12 deg
and leading-edge bluntness (b) of 0.0013, 0.0021, 0.0030, and
0.0036 in. were tested. The maximum deviation of the nose
bluntness was * 0.0001 in. around the leading-edge circum-
ference. A remotely controlled, electrically driven, surface
pitot probe provided a continuous trace of the probe pres-
sure on an X-Y plotter from which the location of transition
was determined.

Boundary-layer profiles were measured in the AEDC-VKF
Tunnel A on the flexible plate near the model location with
a 23-probe pitot rake to deterwnine the characteristics of
the wall turbulent boundary layer.

Additional information on the design of the AEDC-VKF
3.0-in.-diam transition model and the éxperimental values of
the AEDC-VKF Tunnel A flexible piate boundary-layer character-
istics are presented in Figs., II+2 and II-3, respectively, in
Appendix II.

2.3 AEDC-VKF TUNNEL A SHROUD MODEL

The 12-in.-diam shroud and 3.0-in.-diam, hollow-cylinder,
transition model installation in the AEDC-VKF Tunnel A are
shown in Fig. 2, The steel shroud had an external, leading-
edge bevel angle of 10-deg and a leading-edge bluntness value
of approximately 0.007 in. with an internal surface finish of
50 pin. The shroud design was such that the weak shock waves
emanating from the shroud leading edge did not impinge on the
test area of the 3.0-in.-diam transition model, as illustrated
in Fig. 2. A 15~probe rake was used to measure the boundary-
layer profiles on the inside shroud wall. From these data,
the condition of the boundary layer, whether turbulent or
laminar, along with other boundary-layer characteristics were
determined.

Detailed information pertaining to the shroud design and
the experimental test results obtained using the shroud are
presented in Appendix III.
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SECTION IN
BASIC TRANSITION RESULTS

Experimental transition studies were conducted in the
AEDC-VKF Tunnels A and D and the AEDC-PWT-16S tunnel to pro-
vide data from the largest range of wind-tunnel sizes avail-
able and, thereby, test the validity of the proposed corre-
lation of transition Reynolds numbers.

Comparisons of typical pitot pressure data obtained in
the AEDC-VKF 12-in. Tunnel D, 40-in. Tunnel A and the AEDC-
PWT 16-ft supersonic tunnel are shown in Fig. 3 for M, = 3.0,
These data clearly show the large increase in transition loca-
tion, and consequently transition Reynolds number (Ret), with
1ncrea51ng tunnel size and confirm the earlier results of
Schueler (Ref. 13). This increase in Re{ with increasing tun-
nel size is in accordance with the aerodynamic noise philosophy
discussed in Sections I and V,

The location of transition used in this report is defined
as the peak in the pitot pressure profile as indicated in
Fig. 3. This method of transition detection is generally
accepted as being near the end of the transition process and
has been established as one of the more repeatable and reli-
able methods of selecting a particular and finite location
for transition (see Refs. 13, 17, and 18).

Basic transition Reynolds number results from the AEDC-
VKF Tunnels D and A and the AEDC-PWT-16S tunnel for M, = 3.0
are presented in Fig. 4 for the test unit Reynolds number
range and various leading-edge geometries. The large in-
crease in the transition Reynolds numbers with increasing
tunnel size is again clearly shown. The AEDC-PWT transition
data in Fig, 4 represent the average value of Re{ determined
from the four independent pitot probes. The transition
Reynolds numbers for each probe location are tabulated in
Appendix I. Agreement between the four sets of Ret values
for a given test condition was good and in general agreement
with the leading-edge thickness variation of approximately
+ 0.0005 in. around the leading-edge circumference. The
standard deviation of Ret determined using each individual
probe Ret value and the mean Rey curves in Fig. 4 for
b = 0.0015, 0.0050, and 0.0090 in. was Ret = * 0,011 x 106,
Good agreement also existed between the AEDC-VKF Tunnels D
and A Ret data from these experiments and the previous
results of Potter and Whitfield (Ref. 17) and Schueler
(Ref. 13), respectively, for b = 0.003 in.

All of the basic transition Reynolds number data obtained

in the AEDC-PWT-16S tunnel and the AEDC-VKF Tunnels A and D are
tabulated and plotted in Appendixes I, II, and IV, respectively.

10
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Brinich in Ref. 19 reported that the effect of leading-
edge bevel (6L = 5 and 30 deg) on boundary-layer transition
was negligible at M, = 3. However, Potter and Whitfield
(Ref. 17) correlated three sets of M, = 3 transition data
using the bevel angle as a parameter. Unfortunately, the
three sets of data were from three different wind tunnels.
Later experiments by Whitfield and Potter (Ref. 18) at a
Mach number of eight showed no bevel angle effect. Therefore,
in order to use transition data in this research from various
sources, it was felt necessary to determine conclusively if
the leading-edge bevel angle has an influence on transition
at supersonic speeds. The data in Fig. 4 from the AEDC-VKF
Tunnels A and D for bevel angles of 6 and. 12 deg clearly show
no bevel angle effect at My, = 3. Similar results were also
obtained at M, = 4 and 5 in Tunnel A (see Appendix II).
Therefore, it was concluded that there is no leading-edge
bevel-angle effect on transition Reynolds numbers from sharp-
leading-edge models at supersonic and hypersonic speeds.

SECTION IV
SHROUD TRANSITION AND NOISE RESULTS

Previous experiments using two concentric hollow cylin-
ders with the outer cylinder serving as a shield to protect
the smaller hollow cylinder from the tunnel radiated aero-
dynamic noise were reported in Ref. 20. The idea was to
measure the transition point on the inside of the smaller
shroud using a pitot probe and, thereby, provide some measure
of the effect that a radiated pressure field had on transi-
tion. Unfortunately, the presence of the outer cylinder
introduced disturbances in the flow, and the results were in-
conclusive.

Based on the negative results of those experiments, a
somewhat different approach was used in this investigation.
The experimental apparatus employed to demonstrate the
effects of radiated aerodynamic noise generated by a turbu-
lent boundary layer consisted of a 12-in.-diam shroud model
placed concentrically around the 3.0-in.-diam hollow cylinder
transition model, as shown in Fig. 2 and Fig. III-1 in
Appendix III. This design was selected primarily because it
allowed a controlled boundary-layer environment to be main-
tained on the.shroud inner wall upstream of the transition
model. Also the shroud provided some protection from the
noise radiating from the turbulent boundary layer on the wall
of the 40-in. Tunnel A. The procedure was to measure the
location of transition on the 3.0-in.-diam model as the bound-
ary layer on the shroud inner wall upstream of the transition
model changed from laminar to turbulent.

13
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From the earlier experiments of Laufer (Refs. 7, 11, and
20) and Morkovin (Refs. 3 and 5) it was anticipated that when
the shroud wall boundary layer changed from laminar through
transitional to fully turbulent then the radiated aerodynamic
noise would increase and adversely influence the location of
transition on the internal 3.0-in.-diam transition model.

Experimental results from the shroud test in the AEDC-
VKF Tunnel A are presented in Figs. 5 and 6 for M, = 3.0 and
5.0, respectively. Figures S5a and 6a are sketches showing
the location of transition on the shroud inner surface for
various unit Reynolds numbers. With a boundary trip in posi-
tion 1/8-in. from the shroud leading edge, the flow was tur-
bulent very near the trip for M, = 3.0 and Re/in. 2 0.2 x 106
(Fig. 5a). The effectiveness of the trip (serrated fiber
glass tape) at My, = 3 was determined from separate studies
conducted in the AEDC-VKF Tunnel D, as shown in Fig. IV-4 in
Appendix IV. From the results shown in Fig. 6b, it was con-
cluded that the trip was not effective at M, = 5.0.

Large changes in the transition Reynolds numbers on the
3.0-in.-diam, hollow-cylinder model (as compared to the no
shroud case) were obtained as the shroud boundary layer up-
stream of the 3.0-in. model was changed from laminar to tur-
bulent by using the trip and/or by increasing the unit Rey-
nolds number as are clearly and distinctly shown in Figs. S5b
and 6b. The no-shroud basic Ret data are presented for com-
parison. It is suggested from 5b that the decrease in the
no-trip Ret results with increasing Re/in. values and the
large reduction in Ret with the trip in position are directly
related to the formation of the turbulent boundary layer on
the inside shroud wall and the resulting generation of radi-
ated pressure fluctuations (aerodynamic noise).

It is of interest to note that the M_ = 5 transition
Reynolds number results in Fig. 6b exhibited the character-
istic decrease in Rey with a decrease in leading-edge blunt-
ness (b) even when exposed to the intensified field of
radiated noise.

Static pressure measurements on the shroud inner surface
and the 3.0-in., hollow-cylinder, external surface confirmed
that the flow was supersonic at all times. The impingement
of the shroud leading-edge shock wave was downstream of the
transition area (0 < x{ € 15.5 in.), as confirmed by the sur-
face probe pressure data and the hollow-cylinder surface
static pressures. The strength of the leading-edge shock was
equivalent to approximately a 1.0-deg, two-dimensional wedge
shock. For example, at M, = 3.0 the shroud static pressure
ratios near the leading edge were on the order of ps/p°° = 1,06,

14
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and the corresponding hollow-cylinder and flat-plate surface
static pressure ratios were equal to pg/p, = 1.15. Hollow-
cylinder static pressure ratios with the shroud removed were
equal to pg/Po = 1.02 at My, = 3.

Additional information on the surface pressure distribu-
tions inside the long shroud, typical surface probe pitot
transition profiles, the transition Reynolds number values
obtained inside the shroud, and the shroud inner wall measured
boundary-layer characteristics are presented in Appendix III
for M_ = 3, 4, and 5.

Confirmation of the proposed effects of aerodynamic
noise on the shroud transition results was provided by an 8-
by 5-in. sharp-leading-edge flat plate (b = 0.0015 in.,

O0LE = 6 deg) microphone model located as shown in Figs. 5a

and 6a. The flat-plate model was instrumented with two com-
mercially available 1/4-in.-diam condenser microphones having
a frequency response range from zero to one-hundred-thousand
cycles per second. One microphone was mounted flush with the
plate surface, and the second was mounted internally to record
model vibrational effects on the microphone response. Vibra-
tional effects were found to be insignificant. The microphone
data were recorded visually from two RMS voltage meters and
also recorded on magnetic tape. The uncorrected RMS pressure
fluctuations received by the surface microphone are plotted

in Figs. 5c and 6c as a function of the tunnel Re/in. values
for the conditions of shroud off and shroud on. The shroud-
on configuration was tested with and without a boundary-layer
trip in position near the shroud leading edge. It is clearly
seen that the RMS radiated pressure fluctuations in Figs. 5c
and 6c were a mirror image of the transition data in Figs. 5b
and 6b, respectively; i.e., as the aerodynamic noise increased,
the Ret decreased. Furthermore, the trends and intersection
points of the radiated pressure data were in good agreement
with the Ret results. For example, the M, = 3, long shroud,
no-trip Ret data in Fig. 5b intersected the shroud-removed
data at a Re/in. value near 0.15 x 106 and intersected the
trip Ret data at approximately 0.40 x 106. Correspondingly,
the P/q, data in Fig. 5c exhibited very nearly identical
points of intersection. Details of the microphone model and
additional information on the microphone are included in
Appendix III.

For the no-shroud case, it is of interest to note the
decrease in the noise results and the corresponding increase
in the Re; data with increasing unit Reynolds number. This
trend adds support to the tentative suggestion that a part
of the Ret variation with unit Reynolds number in supersonic
and hypersonic tunnels is a result of decreasing radiated
pressure fluctuations with increasing unit Reynolds number.

17
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Similar transition results with and without the shroud con-
figuration were also obtained in Tunnel A at M, = 4. At a
unit Reynolds number value of 0.34 x 106 the AEDC-VKF Tunnel
D B/q, data obtained using the same microphone model and in-
strumentation were approximately three to four times higher
than the Tunnel A noise results for Mach M, = 3 and 4.

It is felt that these data show conclusively the strong
effect of radiated aerodynamic noise generated by a turbulent
boundary layer on boundary-layer transition.

The tunnel radiated pressure fluctuations (E/Qm) without
the shroud presented in Figs. 5c and 6c were in qualitative
agreement in both magnitude and trend with the hot-wire, RMS,
p/q, data of Laufer published in Refs. 7 and 11. Also the
Tunnel A, no-shroud, M, = 3 data scaled with the wall turbu-
lent shear stress and were independent of unit Reynolds number
as were the hot-wire results of Laufer (Ref. 11) and the
microphone data of Kistler (Ref. 10).

SECTION V
TRANSITION CORRELATION

Theoretical and experimental studies contributing to the
basic understanding of the radiated pressure field generated
by a turbulent boundary layer were reviewed in Section I.
These investigations determined that the major factors which
influence the radiated fluctuating pressures are the
turbulent-boundary-layer wall mean shear and thickness, the
Mach number, and the tunnel test-section size. Using these
factors as a guide and employing the premise that transition
Reynolds numbers in supersonic (M, > 3) and hypersonic wind
tunnels are influenced primarily by the radiated aerodynamic
noise, a correlation of transition Reynolds numbers was
developed.

The correlation was based on two-dimensional, hollow-
cylinder transition data obtained in these experiments from
the AEDC-VKF 12-in. and 40-in. and the AEDC-PWT 16-ft tunnels
and from previously published hollow-cylinder data from the
AEDC-VKF 12-in. and 40-in. tunnels and hollow-cylinder and
flat-plate transition data published from six other wind tun-
nels of various sizes. The test conditions covered a Mach
number range from 3 to 8 and a unit Reynolds number range
from 0.05 x 106 to 1.1 x 106 per inch.

The nine wind-tunnel facilities that provided transition
data used in the correlation are tabulated in Table I along
with the specific range of test conditions and pertinent
model details.
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Values of the transition Reynolds numbers used in the
correlation correspond to the location determined from the
peak in the surface pitot probe pressure trace and are for a
zero leading-edge bluntness. Transition data from other
sources which were not obtained using a pitot probe were
adjusted according to Refs. 17 and 18, as listed in Table I.
The zero-bluntness Rey; data were obtained by extrapolating
the transition values from sharp, but finite leading-edge
models (see Table I) to b= 0. It is desirable to correlate
data for b = 0 since this in effect removes the model leading-
edge geometric influences.

Transition Reynolds number data from the nine wind tun-
nels are presented in Fig. 7 as a function of the wall, mean
turbulent, skin-friction coefficient (Cy), the wall boundary-
layer displacement thickness (5*), and the tunnel circumfer-
ence (¢c). The parameter Ret\;6*7c is seen to have cor-
related the data as a function of Cg for a particular size
tunnel; however, the results show a definite and regular be-
havior with increasing tunnel size. The mean skin-friction
coefficient was determined from Ref. 21 using the model
locations (4,) listed in Table I. When the experimental &%
values in the tunnel test section were not available, then
empirical 6% values were determined using the correlation
method presented in Ref. 22, Table I provides additional in-
formation on the source of values used for 6%. Appendix V
gives additional information on experimental and theoretical
(Ref. 21) mean skin-friction coefficients and the §% cor-
relation method of Ref. 22,

The normalized parameter

/
HCL %/(Ret —83".)

cy;=48 in.

is plotted in Fig. 8 for the four basic size tunnels. A
linear fairing of these data provides a method for collapsing
all the Rey data in Fig. 7 onto a single correlation curve.

Figure 9 presents the final correlation of the transi-
tion Reynolds number data. It should be noted that the
correlation was independent of unit Reynolds number and Mach
number and depended only on the aerodynamic noise parameters,
Cp, 0%, and c¢c. The transition data used in Fig. 9 covered
the full Mach number and unit Reynolds number ranges of each
data source. An empirical equation can be written for the
data correlation in Fig. 9 as

0.0141 (CF)‘2-55[0.56 +0.44 —zl]

et =

5+

c
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TABLE |
SOURCE AND RANGE OF DATA USED IN THE CORRELATION

b
+3 oLE (Re/in,) _ Model Tent Bection |Mathod of Transition Amount uf i, Method of &+
Ber. Sym | M, . }: . deg | Range x 107 |conflg, Tunncl Slze Detection Adjustment 19, Detarmination
Prasgent o 3.0[1,3, 2.1, 2.3 6, 12 0.1 to 0,6 HC AEDC-VKF-D 12- by 12-in, Maxlmum p No adjustment 48 5| Flexible Platn, Rake
Study & 17 3.0, 3.6 Prufllas, (fr = 36 in.)
* from Ref. 33
17 a 4.0 .3, 8 6 0.1 to 0.6
17 O 5.0 3, 8 6 0.1 to 0.4 | —--—.
25 o }Is.0 1 10 0.2 to 1,0 FP AEDC-VKF-E [13- by 13-in, Maximum p 64 |B5* Correlatlon
Ref. 22 (!_ = 64 1n.)
26 < (8.1 1.1, 2, 4 15 0.3 to 1.1 P [ from Flg. V-1,
‘ V| [7-1 1.1, 2, 1 0.2 tn 0.7 ‘ Appendix V
- g |s.0 1.1, 2 0.3 to 0.5 .
Present ® |3.0]1.3, 2,1, 2.3 6, 12 0.15 to 0.8 HC AEDC-VKF-A [40- by 40-in, Maximum p 231 Flcxlble Plate, Rake
Study & 13 3.0, 3.6, 8 and | Prufilna (2, = 208 1n.)
213 from Fig. 11-3
A [4,012.1 3, 3.6, [} 0.15 to 0.6 Appendlx 11
® |5.0]1,3 2.1, 3, 6,12 | 0.15 to 0.6
3.6, 8
18 [] 4.0 0,6 to 9.4 5.6, 12,5 0.1 tu 0.3 HC AEDC-VKF-B 50-inp Dinm Maximum p 23 Rake Profilen (i =
- . 244 1n.) from Unpubllshed
AEDC Duta and Ref. 35
31 0 |3.7 <1 15 0.1 100.4 P JPL 20-in. SVT| 18- by 20-in. Maxioum Ty «118 | Flexlble Plata, Rake
Proflles (2 = 117 1n.)
31 O 4.6 =1 15 0.1 to 0.4 FP JPL 20-in. S¥T| 18- by 20-in. Moxinum A =118 | from Ref. 34
28 0 |e.0 =2 20 0.59, 0.69 FP | HASA-Lmngley [|20- by 20-1n. Mazimum § 1.1s %90 &' Correlation from
Fig. V-1, Appendix V
27 ¢ [6.0 1 20 0.14, 0.27 FP AEDC-VKF-8 ] 530-in. Diam Maxleum p No adjustiment | =232 | Rake Proflles (fy =
244 in.) from Unpubllshed
27 ‘ 8.0 1 20 0.2 FP AEDC-VKF-B 50-1n. Manm Maxfmum p No adjustment | =232 AEDC Dats and Ref. 35
29 d |3.1| 0.8 to 8.0 5 0.1 to 0.6 He NACA-Lewin [12- by 12-in, Maximum Ty 1.2¢ 40.5| 6* Correlation from
Flg. V-1, Appendix Vv
30 9 5.0 1, 5, 10 15 0.15 to 0.4 HC _NASA-LQIIS 12- by 12-1n. Maximum T' 1.15% 47
Present o |3.0 1.5, 5, 9 6.5 0.05 to 0.11 He AEDC-PWT-165 |16~ by 16-ft Maxlmum p No adjustment | 792 Flexible Plate, Rake
Study Profllas (fy = 839 in.)
from Fig. 1-3,
Appendlx 1

Symbola correspond to
data 1n Figa, 7 and 9,

HC - Hollow Cylinder
FP = Filnt Plnte

Ty

*Adjustment bascd on results from Rafs, 17 and 18

Ty " Surface Shan
q - lleat Transfer

r Stiress

P - Maxlmum Surface Pitot Probe Pressure

- Maximum Surface Temperature

9€Z-L9-4¥1-2Q3v



AEDC-TR.67-236

Ref. sym Mg Source
Present Study, 17 o 3.0 AEDC-VKF-D (12- by 12-in.)
17 A 4.0
17 o 50
25 d 5.0 AEDC-VKF-E (12- by 12-in.)
2 s 61
9 71
q 8.0
Present Study, 13 e 3.0 AEDC-VKF-A (40- by 40-in.)
4 40
B 50
18 ¢ 8.0 AEDC-VKF-B (50-in. Diam)
31 0 3.7 JPL-SWT (18- by 20-in.)
3] o 46 v
28 0 6,0 NASA-Langley (20- by 20-in.)
a ¢ 6.0 AEDC-VKF-B (50-in. Diam)
Vi < 8.0 t
29 S 3.1 NACA-Lewis (12- by 12-in.)
30 O 5.0 NASA-Lewis (12- by 12-in.)
Present Study o 3.0 AEDC-PWT-16S (16- by 16-ft)
1.2x106
1.1}
1.0 |
0.9 |
08 |
’_— Tunnels
0.7 | —
.colU | 12-in.
-~ 06
3 I
0.5 _— 40-in. and 50-in
0.4 |
0.3 |-
0.2 1~ Al Rey Values
- Extrapolatedtob =0 ,
a1 rapolated to ’
N 16-ft
olllllllllllllllllllilll
0 0.4 0.8 12 1.6 2.0 2.4x 1073

C

Fig. 7 Influence of Tunnel Size on the Boundary-Layer Transition Reynolds Number Correlation

21



AEDC.TR-67-236

% From Fig. 7

~— 03}

0.2 |- Junnel Size

16-ft 40-in. 20-in. 12-in.
0.1} (c; =48in.)
0 ] 1 ] ] ] ] ] |
0 0.2 0.4 0.6 0.8 1.0

Fig. 8 Tunnel Size Parameter

22



AEDC-TR-67-236

All Rey Data Extrapolated tob = 0

Ret.  sym Mg Source
PresentStudy o 3.0 AEDC-VKF-D {12- by 12-in.)
17 A 4.0
17 (u] 5.0
%5 o 5.0 AEDC-VKF-E (12- by 12-in.)
26 o 6.1
' v 71
1 a 80
Present Studly ® 3.0 AEDC-VKF-A (40- by 40-in. )
and 13 r'y 4.0
| . 5.0
18 € 8.0 AEDC-VKF-B (50-in. Diam)
31 0 3.7 JPL-SWT (18- by 20-in.)
3] o 46 )
28 0. 6.0 NASA-Langley (20 by 20-in.)
27 ¢ 6.0 AEDC-VKF-B {50-in. Diam)
7 (« 3.0 t
29 ¢ 3.1 NACA-Lewis (12- by 12-in.)
30 0 5.0 NASA-Lewis (12- by 12-in.)
Present Study ® 3.0 AEDC-PWT-16S (16- by 16-ft)
2.0x10°
TTIT T 171 T T T T
L5 |- 0. 0141(Cp12 55[0. 56 + 0.44(%)]
IS '
1.0 o ry
0.8 |- ﬁ
Slo 061 -
\/3 o5 3
S 04 -
-
2 0.3 |- —
wlv 02l -
g ol .,
01l _
0.08 |- —
0. 06 -]
om lll ] l (] I ] Ll I 1 l _3
0.4 06 0810 2 3 4 5x10

Cr

Fig. 9 Correlation of Transition Reynolds Number

23



AEDC-.TR-67-236

The aerodynamic noise parameters (Cg, 6%, and c) appear-
ing in the correlation and empirical equation are the same
factors that have been shown by previous investigators to be
significant factors in turbulent-boundary-layer-generated
aerodynamic noise.

The reader is reminded that the transition Reynolds
number correlation presented in Fig. 9 and the resulting
empirical equations are applicable only to wind tunnels
having turbulent boundary layers on the walls. The correla-
tion cannot be applied to ballistic ranges or, free flight
because of the obvious restrictions imposed by Cgp and &*.
Similarly, since the correlation was developed\jor finite-
size wind tunnels and the proper boundary conditions for free
flight are not included, conclusions relative to\fundamental
influences on tran51t1on in free flight cannot be'drawn, i.e.,
the influence of Mach number and unit Reynolds number per se.
The correlation does, however, clearly establish that a major
and, perhaps, dominant influence of aerodynamic n01ée exists
in w1nd-tunne1 transition experiments. '

.’

SECTION VI
COMPARISONS OF CORRELATION PREDICTIONS

WITH EXPERIMENTAL RESULTS

6.1 INFLUENCE OF UNIT REYNOLDS NUMBER, MACH NUMBER, AND TUNNEL SIZE

Typical transition Reynolds number data are presented in
Figs. 10, 11, and 12 to illustrate the variation of Ret with
changes in the unit Reynolds number, tunnel 51ze and tunnel
Mach number. The increase in Ret with 1ncrea51ng tunnel Mach
number (Figs. 10a and 12) and unit Reynolds number (Fig. 10a)
is a characteristic trend shown previously by many investi-
gators, but the increase in Ret with tunnel size presented in
Figs. 10b, 11, and 12 has not been shown previously. The ex-
perimental noise results presented in Figs. 5 and 6, along with
the general success of the correlation and the good agreement
between the experimental Ret data in both magnitude and trend
with estimates from the empirical equation, suggest that the
increase in Ret with the unit Reynolds number in supersonic and
hypersonic wind tunnels is directly related to the radiated
aerodynamic noise emanating from the tunnel wall turbulent
boundary layer. Although this is suggested by the wind-tunnel
results and the correlation, it cannot be definitely concluded
because of the results from the VKF range (Ref. 23).
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Ref. Sym  Tunnel  Test-Section Size
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If it is assumed that noise from various sources in a

range is small compared to the wind tunnel, one would not
expect a variation in transition Reynolds number with unit

Reynolds number in the range as a result of noise. Potter's
results presented in Ref. 23 for a 10-deg half-angle, 1.75-
in.-diam cone with a 0.005-in. nose radius (one model with a
2.3-in. diameter), a local Mach number of approximately 4.34
and a wall temperature ratio of approximately 0.184 show a
unit Reynolds number effect in the range.

6.2 MACH NUMBER EFFECT

Comparisons of the measured and estimated transition
Reynolds numbers with increasing Mach number from several
wind tunnels are presented in Fig. 12. Several important
conclusions are drawn from this figure. First, it is obvious
that transition data from different size wind tunnels cannot
be used to establish a trend of Re{ with Mach number. Second,
the correlation using Cp, 6%, and ¢ produced Rey values in
good agreement with the experimental results. The question
that naturally arises as a result of this is concerned with
what is the true Mach number effect. There are experimental
data that may provide some insight into this question.

Figure 13a presents Rety data as a function of local cone
Mach number for a free-stream Mach number of eight. The data
for the 7.5- and 15.8-deg cones were published in Ref. 24.
The data for the 5- and 20.l-deg cones were obtained through
personal correspondence with Mr. Stainback. For a given free-
stream Mach number, there are two cone angles which will pro-
duce equivalent local unit Reynolds numbers but significantly
different local Mach numbers. Figure 13a shows that when the
local Mach number was changed from approximately 4 to 7 for
constant free-stream conditions, there was no significant
upward trend with Mach number except for the lowest unit
Reynolds number. Stainback in Ref. 24 concluded that perhaps
there was not a Mach number effect on cones as contrasted to
Mach number effects on two-dimensional models similar to the
results presented in Fig. 12. The conclusions of Ref. 24 are
in agreement with the implications of the correlation pre-
sented herein.

It should be pointed out that the 5- and 20.1-deg :cone
angles produce equivalent local unit Reynolds numbers as do
the 7.5~ and 15.8-deg cones. However, for the local unit
Reynolds number conditions to have been constant for both
sets of cone values as listed in Fig. 13a, there would nec-
essarily have been a 10- to 1l5-percent difference in the
free-stream conditions. A 15-percent difference in Re/in.
would produce a maximum change in Re{ of approximately 10
percent, and this is well within the scatter of the data.
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Fig. 13 Transition Reynolds Numbers os a Function of Local Mach Number for Sharp Cones and
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Fig. 13 Continued
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Fig. 13 Concluded
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Consequently, it seems justified to compare the four sets of
cone data directly.

Additional transition data on flat plates pitched to
change the local conditions are presented in Figs. 13b and c.
The results in Fig. 13b show for constant free-stream tunnel
conditions there was no increase (or small increase) in Reg
with increasing local Mach number. Figure 13c suggests per-
haps a linear increase in Re¢ with increasing Mach number,
but the rate of increase is less than indicated in Fig. 12
for increasing tunnel Mach number. Hollow cylinder data ob-
tained at different tunnel Mach numbers are included in Figs.
13b and ¢ for comparison.

Cone and pitched flat-plate transition data should be
plotted for a constant free-stream unit Reynolds number to
show the influence of Mach number since this is the case
where the radiated aerodynamic noise is constant. It should
be noted that in Fig. 13a the local unit Reynolds number
remained constant between the cone models for a.given free-
stream unit Reynolds number, but for the flat plate (Figs.
13b and ¢) the local unit Reynolds number varied because the
pitch angles were not selected with the intended purpose of
producing a constant local unit Reynolds number.

These results indicate that if a true Mach number effect
on transition Reynolds number exists at supersonic and hyper-
sonic speeds, it appears doubtful that the trend could be
established by comparing transition data at different Mach
numbers obtained in wind tunnels having turbulent boundary
layers because of the influence of radiated aerodynamic noise,

SECTION Vi
CONCLUDING REMARKS

The significant results and conclusions obtained from
this research, which was directed toward an investigation of
the effect of radiated aerodynamic noise on boundary-layer
transition on models in supersonic and hypersonic wind
tunnels, are summarized as follows:

1. Boundary-layer transition measurements at Mach
number three on sharp-leading-edge, hollow-cylinder
models in the AEDC-VKF 12-in. and 40-in. Tunnels D
and A and the AEDC-PWT 16-ft supersonic tunnel have
shown conclusively a significant and continuous
increase in transition Reynolds numbers (Re¢) with
increasing tunnel size. This increase in Rey is
explained by a decrease in the radiated aerodynamic
noise emanating from the tunnel wall, turbulent
boundary layer as the tunnel siZe increases,
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2.

Results from a shroud configuration placed concen-
trically around a hollow-cylinder transition model
in the AEDC-VKF Tunnel A demonstrated a significant
change in the magnitude and trend in transition
Reynolds number with unit Reynolds number, as com-
pared to transition Reynolds numbers without the
shroud, when the boundary layer on the shroud wall
changed from laminar to turbulent.

A flat-plate model equipped with a microphone con-
firmed that a significant increase in the RMS
radiated pressure fluctuations accompanied the
decrease in the transition Reynolds numbers between
the AEDC-VKF 40-in. and 12-in. tunnels and the
decrease in transition Reynolds number as the
shroud wall boundary layer changed from laminar to
turbulent.

From transition data obtained in these investigations
and data from six other wind tunnels, a correlation
of transition Reynolds numbers was developed. The
correlation was based on zero-bluntness, flat-plate,
and hollow-cylinder transition data which covered

a Mach number range from 3 to 8 and a unit Reynolds
number range from 0.05 to 1.1 x 106, The corre-
lation was independent of Mach number and unit
Reynolds number and was dependent only on parameters
known to have an influence on radiated aerodynamic
noise. These included wall turbulent, mean skin-
friction coefficient (CF), boundary-layer displace-
ment thickness (6*), and the tunnel test-section
circumference (c).

Transition data on sharp cones and flat plates
pitched to angles of attack have indicated that

for high tunnel unit Reynolds numbers the transi-
tion Reynolds number (Rei) is perhaps invariant

with local Mach number, provided the tunnel Mach
number remains constant. This is in agreement with
the transition correlation of wind-tunnel data and
suggests that possibly a major part of the increase
in Re; with increasing tunnel Mach number is related
to the radiated aerodynamic noise.

If a true Mach number effect on transition Reynolds
numbers exists at supersonic and hypersonic speeds,
it appears doubtful that the trend can be established
by comparing transition data at different Mach
numbers obtained in wind tunnels having turbulent
wall boundary layers because of the influence of
radiated aerodynamic noise.
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7. The experimental, radiated noise results and the
success of the correlation of wind-tunnel data
suggest that a major part of the heretofore
unexplained unit Reynolds number effect in super-
sonic and hypersonic wind tunnels having turbulent
boundary layers on the walls may be the result of
radiated aerodynamic noise.

8. Based on transition Reynolds number data presented
in this report and data from two other sources, it
is concluded that there is no leading-edge internal
bevel-angle effect on transition Reynolds numbers
from sharp leading-edge models at supersonic and
hypersonic speeds.
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